Introduction for their ability to induce three kinds of base substitutions, G·C→A·T, G·C→T·A and A·T→T·A, in both systems. Analysis of the mutational specificity of a wide variety of mutagens has provided considerable insight into the nature of mutagenesis. Several approaches have been developed for Materials and methods measuring specific base substitutional events. They include
Bacterial strains
reverse mutation analysis with a set of specific tester strains, The E.coli tester strains trpE65,  colony probe hybridization analysis (Miller and Barnes, 1986; malB15, lon-11, sulA1/FЈ (lacI - , lacZ -, proAB ϩ ), pKM101 (mucAB ϩ , Ap r )] Prival and Cebula, 1992; Koch et al., 1996) , genetic have been described previously (Ohta et al., 1999) . Each of the six FЈ plasmids suppression pattern analysis with a set of nonsense mutants possesses a unique lacZ mutation at the GAG codon corresponding to Glu461 (Cupples and Miller, 1989) and was originally constructed for E.coli K-12 of bacteriophages (Shinoura et al., 1983 ; Levin and Ames, strains CC101-CC106 [ara, ∆(lac-pro)5/FЈ (lacI -, lacZ -, proAB ϩ )], which with 0.5% lactose, 50 µg/ml tryptophan and 1.5% agar. NB top agar contained 0.5 mg/ml nutrient broth powder (Oxoid no. 2), 0.5% NaCl and 0.6% agar. were provided to us by Prof.J.H. Miller (University of California, Los Angeles, CA). The reversion events at the codon required to restore the Lac ϩ phenotype
Ampicillin at a final concentration of 10 µg/ml was added to MGT medium when strains WP3101P-WP3106P were cultured. to each strain are TAG→GAG (A·T→C·G transversion) for WP3101P, GGG→GAG (G·C→A·T transition) for WP3102P, CAG→GAG (G·C→C·G For the His ϩ reversion assay in S.typhimurium, MG agar plates consisting of Vogel-Bonner E medium supplemented with 0.4% glucose and 1.5% agar transversion) for WP3103P, GCG→GAG (G·C→T·A transversion) for WP3104P, GTG→GAG (A·T→T·A transversion) for WP3105P and AAwere used. The concentration of glucose in the agar plates was reduced from 2% in the original formula (Maron and Ames, 1983) to 0.4%, according to G→GAG (A·T→G·C transition) for WP3106P. Since WP3101P-WP3106P were derived from WP2uvrA, all the strains contain the trpE65 (ochre) allele, the method of Gee et al. (1994) . HB top agar contained 50 µM L-histidine, 50 µM biotin, 0.5% NaCl and 0.6% agar. Nutrient broth (Oxoid no. 2) was which is available for a Trp ϩ reversion assay.
Three out of six tester strains of S.typhimurium in the Ames II kit used for preculture of S.typhimurium strains. (Funakoshi, Tokyo) were obtained for the present study from the National Lac ϩ reversion assay Institute of Health Sciences (Tokyo, Japan). They are TA7002 [hisC9138, Strains WP3101P-WP3106P were precultured overnight at 37°C with shaking
in proline-free MGT medium supplemented with ampicillin to maintain the and TA7005 [hisG9130, ∆(uvrB-bio), rfa/pKM101]. In the hisC9138 mutation, FЈ plasmid and pKM101 to an OD 600 of ജ1.0. The cells were used in the the codon for wild-type Lys217 (AAA) is changed to a codon for Ile217 experiments without being washed. The Lac ϩ reversion assay was performed (ATA). In the hisG9133 and hisG9130 mutations, the codon for Glu169 by the preincubation method: 0.1 ml of bacterial culture and 0.01-0.1 ml of (GAG) is changed to the codon for Gly169 (GGG) and Ala169 (GCG), mutagen solution were added to 0.5 ml of 100 mM sodium phosphate buffer respectively. Therefore, in a His ϩ reversion assay strains TA7002, TA7004 (pH 7.4). The mixture was preincubated at 37°C for 20 min with gentle and TA7005 detect A·T→T·A transversion, G·C→A·T transition and G·C→T·A shaking and then 2 ml of molten NB top agar kept at 45°C was added. The transversion, respectively (Gee et al., 1994) . The reversion event in each contents were mixed thoroughly and overlaid onto MLT agar plates. After tester strain of E.coli and S.typhimurium is presented in Table I. 48 h incubation at 37°C, the number of Lac ϩ revertant colonies was scored.
Chemicals
Experiments included a single plate for each dose of mutagen and duplicate 3-Chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX) (CAS no.
plates for the solvent control. We performed all the assays between three and 77439-76-0), O, O-dimethyl-S-(phthalimidomethyl) phosphorodithioate (phosfive times to confirm reproducibility and the data presented in the figures are met) , formaldehyde (CAS no. 50-00-0), 2-(2-furyl)-3-(5-the average values of whole valid experiments. In the Lac ϩ reversion assay, nitro-2-furyl)acrylamide (AF-2) (CAS no. 3688-53-7), glyoxal (CAS no. 107-background growth of Lac -cells on MLT agar plates with NB top agar is 22-2), 6-mercaptopurine and N-(trichloromethylthio)-4-almost invisible, so it was difficult to assess the killing effects of the test cyclohexane-1,2-dicarboximide (captan) (CAS no. 133-06-2) were obtained compounds by means of a reduced background lawn. Instead, we judged from Wako Pure Chemical Industry (Tokyo, Japan). 2-Aminopurine (CAS no. toxicity to tester strains by a drastic decrease in the number of revertant 452-06-2), methyl methane sulfonate (MMS) (CAS No. 66-27-3) and 4-colonies in strains WP3102P and WP3104P. nitroquinoline 1-oxide (4-NQO) (CAS No. 56-57-5) were purchased from His ϩ reversion assay Tokyo Kasei Kogyo Co. (Tokyo, Japan). N 4 -Aminocytidine (CAS no. 57294-The His ϩ reversion assay was conducted with S.typhimurium TA7002, TA7004 74-3) and sodium azide (CAS no. 26628-22-8) were purchased from Funakoshi and TA7005. The bacterial cells were precultured overnight in nutrient broth. Co. (Tokyo, Japan) and Nacalai Tesque (Kyoto, Japan), respectively. N-ethylAliquots of 0.1 ml of bacterial culture and 0.01-0.1 ml of a mutagen solution N-nitrosourea (ENU) were added to 0.5 ml of sodium phosphate buffer. After preincubation at 37°C (CAS no. 820-60-0) were from Iwai Kagaku Yakuhin Co. (Tokyo, Japan).
for 20 min, treated cells were poured onto MG agar plates with 2 ml of 5-Azacytidine (CAS no. 320-67-2), cumene hydroperoxide (CHP) (CAS no.
molten HB top agar. His ϩ revertants were counted following 48 h incubation 80-15-9), ethyl methanesulfonate (EMS) , N-ethyl-NЈ-nitroat 37°C. Experiments included a single plate for each dose of mutagen and N-nitrosoguanidine (ENNG) and N-methyl-NЈ-nitro-Nduplicate plates for the solvent control. We performed all assays at least three nitrosoguanidine (MNNG) (CAS no. 70-25-7) were obtained from Aldrich times to confirm reproducibility and the data presented are the average of Chemical Co. (Madison, WI). 5-Diazouracil (CAS no. 2435-76-9) and t-butyl three or more experiments. hydroperoxide (BHP) (CAS no. 75-91-2) were from Sigma Chemical Co. (St Louis, MO) . N 4 -aminocytidine, 5-azacytidine, BHP, CHP, 5-diazouracil, formaldehyde, glyoxal and sodium azide were dissolved in sterile water
Results
produced by the Milli-Q Ultra-Pure Water system (Millipore Ltd, Japan). All other mutagens were dissolved in dimethylsulfoxide (Wako Pure Chemical All mutagens were tested with six strains of E.coli (WP3101P-Industry).
WP3106P) and three strains of S.typhimurium (TA7002,

Media
TA7004 and TA7005). The mutational spectra determined in
For the Lac ϩ reversion assay in E.coli, MGT medium, MLT agar plates and the E.coli Lac ϩ reversion system are presented in Table II. NB top agar were used. MGT medium consisted of Vogel-Bonner E medium
The ranges of spontaneous Lac ϩ per plate in all experiments (0.2% citric acid monohydrate, 1% K 2 HPO 4 , 0.35% NaNH 4 HPO 4 ·4H 2 O and were 1-3 in WP3101P, 7-15 in WP3102P, 1-3 in WP3103P, 0.02% MgSO 4 ·7H 2 O) supplemented with 0.5% glucose and 50 µg/ml Ltryptophan. MLT plates consisted of Vogel-Bonner E medium supplemented 6-11 in WP3104P, 3-9 in WP3105P and 1-3 in WP3106P. numbers of spontaneous revertants per plate varied up to 3-fold between experiments, a ratio of E.coli/S.typhimurium Ͼ3.5 or less than its reciprocal was considered to reflect a meaningful difference in sensitivity to a mutagen.
Mutation spectra of alkylating agents
In WP3101P-WP3106P all the alkylating agents except MMS induced predominantly G·C→A·T transitions (80-97%), as shown in Table II . They also induced G·C→T·A, A·T→T·A and A·T→G·C base substitutions weakly. In contrast, MMS efficiently induced G·C→T·A and A·T→T·A transversions (16 and 22%, respectively) as well as G·C→A·T transitions (56%). A·T→C·G transversions were weakly induced by MNNG, ENNG, MMS and ENU, while G·C→C·G transversions were slightly induced by ENNG, MMS and ENU. As shown in Figure  1 , three kinds of base substitutions (G·C→A·T, G·C→T·A and A·T→T·A) were induced with almost equal frequency by MNNG and EMS in the E.coli and Salmonella tester strains. The E.coli Lac ϩ reversion system was as sensitive as the S.typhimurium His ϩ reversion system for the detection of G·C→A·T transitions by MNU, G·C→T·A transversions by MMS and MNU and A·T→T·A transversions by MMS. A·T→T·A transversion by MNU and G·C→A·T transition by MMS were detected more strongly in E.coli strains. Of the ( Figure 2 ).
Mutation spectra of base analogs Spontaneous His ϩ per plate were 4-10 in TA7002, 15-29 in N 4 -aminocytidine preferentially induced G·C→A·T transitions TA7004 and 20-39 in TA7005. In order to compare the (92%) and also induced A·T→G·C transitions and G·C→T·A sensitivity of tester strains that detect G·C→A·T transition transversions (Table II) . In E.coli it induced 140 times the (WP3102P and TA7004), G·C→T·A transversion (WP3104P control value at 0.1 µg/plate (Figure 3) . In S.typhimurium, on and TA7005) and A·T→T·A transversion (WP3105P and the other hand, it did not induce G·C→T·A transversions and TA7002), fold increase over the control values for each strain was calculated and these are plotted in Figures 1-5 . Since the the induction of G·C→A·T transitions was not as great (it 
. Comparison of mutagenic response to ENNG and ENU in E.coli and and S.typhimurium strains. G·C→A·T in WP3102P (s) and TA7004 (d); S.typhimurium strains. G·C→A·T in WP3102P (s) and TA7004 (d);
G·C→T·A in WP3104P (n) and TA7005 (m); A·T→T·A in WP3105P (u) G·C→T·A in WP3104P (n) and TA7005 (m); A·T→T·A in WP3105P (u) and TA7002 (j). and TA7002 (j).
induced a lower frequency of G·C→T·A transversions in the S.typhimurium strains than in the corresponding E.coli strain (Figure 3) . 5-Azacytidine induced predominantly G·C→C·G transversions (89%) and also G·C→T·A transversions (11%). The prevalent induction of G·C→C·G transversions was consistent with previous reports (Cupples and Miller, 1989; Gee et al., 1994; Ohta et al., 1998) . In S.typhimurium strains neither G·C→A·T transitions nor G·C→T·A transversions was detected (Figure 3 ). 2-Aminopurine induced G·C→A·T transitions marginally in the E.coli tester strain and was toxic to E.coli starting at 500 µg/plate. In S.typhimurium, however, 2-aminopurine clearly induced G·C→A·T transitions and A·T→T·A transversions at 1000 µg/plate, as shown in Figure  3 . 6-Mercaptopurine was toxic to E.coli at 10 µg/plate and to S.typhimurium at 500 µg/plate and induced no detectable mutations at lower doses (data not shown). Thus, the E.coli Lac ϩ reversion system responded well to N 4 -aminocytidine, 5-diazouracil and 5-azacytidine, but not as well as the S.typhimurium His ϩ reversion system to 2-aminopurine. Mutation spectra of oxidative compounds CHP and BHP induced predominantly G·C→A·T (29-36%), G·C→T·A (26-28%) and A·T→T·A (28%) base substitutions. only G·C→T·A transversions (Table II) . Sensitivity to G·C→T·A in WP3104P (n) and TA7005 (m); A·T→T·A in WP3105P (u) and TA7002 (j).
glyoxal and formaldehyde was almost equal in both sets of tester strains. CHP and BHP appeared to be more toxic to the Salmonella strains. Either negative or marginal results induced 19 times the control value at 0.1 µg/plate). N 4 -aminocytidine did not induce A·T→T·A transversions in either were obtained in S.typhimurium strains (Figure 4) . Thus, the E.coli Lac ϩ reversion system seems to be superior to the E.coli or S.typhimurium. 5-Diazouracil, as reported in our previous work (Ohta et al., 1999) , induced base substitutions S.typhimurium His ϩ reversion system for some hydroperoxide compounds. in all E.coli tester strains, primarily G·C→T·A (51%). It
Discussion
The six tester strains of the E.coli Lac ϩ reversion system, WP3101-WP3106, and their pKM101-bearing derivatives, WP3101P-WP3106P, provide a convenient way to measure mutation spectra, as demonstrated in our previous work (Ohta et al., 1998 (Ohta et al., , 1999 . Because the strains were derived from WP2uvrA, they can be used simultaneously in a Trp ϩ reversion assay. Therefore, the advantage of this system is that mutagens detectable in Trp ϩ reversion assays with WP2uvrA or WP2uvrA/pKM101 could be analyzed for specificity of mutations in strains WP3101-WP3106 or WP3101P-WP3106P, respectively, in the same genetic background. Similar sets of S.typhimurium tester strains that use His ϩ reversion have been developed and they have been used to analyze several mutagens (Gee et al., 1994 (Gee et al., , 1998 . It is worth comparing the sensitivity and specificity of the Lac ϩ reversion system with those of the His ϩ reversion system in order to elucidate quantitative and qualitative differences between the two systems. For this purpose, we selected three base substitutions (G·C→A·T, G·C→T·A and A·T→T·A), the predominant mutations induced by most of the mutagens investigated in our previous studies (Ohta et al., 1998 (Ohta et al., , 1999 . As a result of comparable assays conducted with paired strains (WP3102P/TA7004, WP3104P/TA7005 and WP3105P/ TA7002), several interesting characteristics of the test system were found. Due to the differing spontaneous reversion rates in the E.coli and S.typhimurium strains, mutagenic potency was compared with fold increase over the control values rather than the actual number of revertants induced.
The Lac ϩ reversion system was superior to the His ϩ reversion system for measuring the mutation spectra of CHP and BHP because the E.coli strains were more resistant to the (Table II) . Compared with
The His ϩ reversion system was found to be more sensitive S.typhimurium, E.coli was more sensitive to 4-NQO-and than the Lac ϩ reversion system in detecting G·C→A·T MX-induced G·C→T·A transversions and to 4-NQO-induced transitions induced by 2-aminopurine and phosmet and A·T→T·A transversions. On the other hand, there was no A·T→T·A transversions induced by 2-aminopurine, ENNG obvious difference in responses to AF-2 ( Figure 5 ). Captan and ENU. 2-Aminopurine showed marginal mutagenic activity induced all possible base substitutions, although G·C→C·G in the Lac ϩ reversion assay with WP3101P-WP3106P due to transversions were of low frequency, and was an efficient its strong toxicity to E.coli in the present study. Cupples and inducer of all three possible base substitutions that can occur Miller (1989) , however, reported that 2-aminopurine efficiently at A·T sites (A·T→C·G, A·T→T·A and A·T→G·C). The strong induced G·C→A·T transitions in the Lac ϩ reversion system induction of A·T→C·G transversions (18%) and A·T→G·C when E.coli CC102 cells were treated overnight in LB medium transitions (34%) was unique to this mutagen. Escherichia coli containing 2-aminopurine at 700 µg/ml. The data suggest that and S.typhimurium tester strains responded to captan with 2-aminopurine mutagenesis is largely affected by treatment similar sensitivities for the mutations tested, as shown in conditions. The medium for preculture of bacterial strains Figure 5 . Phosmet, an organophosphorous compound, induced employed in this study was minimal MGT medium for E.coli only G·C→T·A transversions weakly in E.coli, but clearly cells in the Lac ϩ reversion assay and nutrient broth for induced G·C→T·A transversions and G·C→A·T transitions in S.typhimurium in the His ϩ reversion assay. Since de novo Salmonella. Sodium azide induced only G·C→A·T transitions synthesis of nucleotides is required for growth in minimal in E.coli. G·C→A·T transitions were induced in S.typhimurium at a similar level (Table II and Figure 5) . medium, the inhibitory effect of the base analog 2-aminopurine might be pronounced. Another base analog, 6-mercaptopurine, phenotype (Cupples and Miller, 1988) . Such a study has not yet been reported on hisC9138. was also differentially toxic in the two assay systems. 6-As mentioned above and also discussed previously with Mercaptopurine was reported to be mutagenic to S.typhimurium regard to the effect of sequence context (Ohta et al., 1998) , TA1535 and TA100 at 50-200 µg/plate (Benedict et al., 1977;  the reversion frequency induced by mutagens often varies with Seino et al., 1978; Nepomnaschy et al., 1984) , but not the sequences adjacent to the mutational target site. It is mutagenic in the Trp ϩ reversion assay with WP2uvrA/pKM101 important to comprehend that the information obtained by (unpublished data). It may be more practical to use nutrient monitoring reversions at a specific site is not always consistent broth for preculture of WP3101P-WP3106P. Without selection with the mutational specificity obtained by DNA sequencing pressure on the FЈ plasmid, FЈ-free cells would not appear analysis. Recent progress in mutation analysis using transgenic with extremely high frequency and, therefore, would not reduce mice has revealed the mutational spectra induced by many the sensitivity of the test system. mutagens in mammalian cells. However, information on mutaOf great interest was the higher sensitivity of S.typhimurium tion spectra in bacterial cells is not always enough for these strain TA7002 compared with E.coli strain WP3105P to mutagens. The convenient Lac ϩ reversion system comprising A·T→T·A transversions induced by two ethylating agents, tester strains WP3101-WP3106 and WP3101P-WP3106P ENNG and ENU. Several explanations come to mind. (i) O 6 -would help us to detect specific mutations induced by a variety methylguanine-DNA methyltransferase (O 6 -MGT) plays an of mutagens. Since plasmid pKM101 generally enhanced important role in the repair of premutagenic DNA alkylation, G·C→T·A and A·T→T·A transversions strongly over other such as O 6 -alkylguanine and O 4 -alkylthymine. Both E.coli and base substitutions (Watanabe et al., 1994b) , pKM101-free S.typhimurium have two enzymes with O 6 -MGT activity that strains WP3101-WP3106 may be suitable to determine the are encoded by the ada and ogt genes (Potter et al., 1987;  nature of the mutagenesis induced by mutagens. On the other Lindahl et al., 1988; Hakura et al., 1991; hand, a large number of mutagens are known to exhibit 1995). The Ada protein (O 6 -MGT-I), however, may not play mutagenicity only in pKM101-carrying tester strains, such as a major role in protecting S.typhimurium against the mutagenic S.typhimurium TA100, TA102 and TA92, in mutagenicity effects of methylating agents because ada mutants show almost tests. Strains WP3101P-WP3106P would be useful to the same sensitivity to MNNG as the wild-type strain (Yamada investigate the mutational profiles of such mutagens. Further et al., 1993) . In contrast, ogt mutants are hypersensitive investigations of mutational specificities in bacterial cells as compared with the parent strain to the mutagenicity of MNNG well as mammalian cells will provide important information and particularly ENNG in S.typhimurium (Yamada et al., about the mechanisms of mutagenesis and DNA repair. 1995). The Ogt protein (O 6 -MGT-II) is more active than the Ada protein (O 6 -MGT-I) in the repair of ethylated DNA in
